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Dietary deficiency of antioxidants exacerbates ischemic injury
in the rat kidney
KARL A. NATH and MARK S. PALLER, with the technical assistance of ANTHONY J. CROATT
Depart men: of Medicine, University of Minnesota, Minneapolis, Minnesota, USA
Dietary deficiency of antioxidants exacerbates ischemic injury in the rat
kidney. We examined the effects of dietary deficiency of vitamin E and
selenium on the ischemia-reperfusion model of renal injury in the rat.
Deficient diets imposed for six weeks on three-week-old weanling rats
led to no significant differences in body weights, serum creatinine,
GFR, RHF, TmPAH or urinary total protein excretory rates prior to
ischemia. Twenty-four hours after one hour of ischemia, animals on the
deficient diet demonstrated more markedly impaired GFR, RBF,
TmPAH and urine to plasma creatinine concentrations and an increased
renal failure index. Tubular damage was more severe injury in the
deficient animals. Lipid peroxidation, 15 minutes after the release of the
ischemic clamp, was increased in the deficient animals. We confirmed
the effects of our dietary manipulation in impairing the oxidant scav-
enging system in the deficient animals since glutathione peroxidase
activity was reduced to less than 5% in the basal state, and this striking
reduction persisted following ischemia. Plasma vitamin E concentra-
tions were also markedly depressed in the deficient diets. This dietary
deficiency also worsened the course of acute renal injury and was
accompanied by 50% mortality compared to 0% mortality in the control
animals. Thus, dietary deficiency of vitamin E and selenium led to
greater structural and functional renal impairment and increased lipid
peroxidation following ischemia. These data provide support for the
role of reactive oxygen species in mediating ischemia-reperfusion
injury.
Reactive oxygen species have been implicated in the patho-
genesis of a variety of models of acute renal injury including
ischemia-reperfusion injury [1-4]. Support for such involve-
ment of reactive oxygen intermediates in the pathogenesis of
ischemia-reperfusion injury was provided by the following lines
of evidence. Increased lipid peroxidation, an index of oxidant
stress, occurs following ichemia with reperfusion [3, 5], and
protection of renal injury is provided by a variety of agents
including scavengers of hydroxyl ion [4—7], superoxide dismu-
tase, which converts superoxide to hydrogen peroxide [3, 8],
and allopurinol, an agent that inhibits activation of xanthine
oxidase and thereby the generation of superoxide [3]. More
recently the role of reactive oxygen intermediates in ischemia-
reperfusion injury has been challenged by in vivo and in vitro
studies which have failed to demonstrate either increased lipid
peroxidation following ischemia [9, 10] or the beneficial effects
of a variety of agents that inhibit the generation of these
metabolic intermediates or detoxify them once produced [9,
10]. Additionally, it has been suggested that the lack of corre-
lation between the impairment of renal function and the kidney
content, prior to ischemia, of substrates that generate superox-
ide ion argues against an important pathogenic role for super-
oxide ion [Ill. Given this controversy, we re-examined the role
of reactive oxygen intermediates in ischemia-reperfusion injury
using an experimental approach not previously adopted. We
reasoned that if reactive oxygen species play an important role
in this process, then a kidney that is deficient in oxidant defense
mechanisms would display greater derangement of renal struc-
ture and function and more marked evidence of lipid peroxida-
tion following ischemia with reperfusion.
To compromise the oxidant scavenging potential of the
kidney we studied rats maintained on a diet deficient in vitamin
E and selenium [12—14]. This dietary manipulation blunts the
oxidant scavenging repertoire of the kidney in the following
manner. Vitamin E is a lipid-soluble constituent that resides in
the plasma and intracellular lipid bilayers where it blocks
electron transfers involved in the initiation and propagation of
lipid peroxidation [15]. Lipid peroxidation may be triggered by
hydrogen and organic peroxides, cellular metabolites that are
detoxified by glutathione peroxidase [16]. The activity of gluta-
thione peroxidase is critically dependent upon selenium [16].
Additionally, recent evidence has demonstrated that selenium
influences the transcriptional regulation of glutathione peroxi-
dase: diets deficient in selenium markedly impair the expression
of the mRNA for the selenium-dependent glutathione peroxi-
dase [17]. Moreover, the selenium-deficient state exacerbates
the effects of vitamin E deprivation since animals deficient in
selenium demonstrate lower levels of vitamin E in plasma and
tissues due to increased metabolic clearance of residual vitamin
E [18, 19]. Thus, a diet deficient in vitamin E and selenium
exerts a prooxidant state in the kidney: selenium deficiency
promotes the accumulation of reactive oxygen metabolites
while vitamin E deficiency fosters the attendant cellular effects
of these molecular species [12—14]. We therefore examined the
effect of these combined deficiencies on the renal response to
ischemia and reperfusion in the kidney.
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Details of the diets
Male Sprague-Dawley rats, weaned at three weeks, were
placed on diets deficient in vitamin E and selenium (Teklad Diet
#TD84253) or the control diet (Teklad Diet #TD84254, Teklad,
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Madison, Wisconsin, USA). The diets contained identical
amounts of protein (provided by torula yeast, 300 g/kg), fat
(provided by lard, 50 g/kg), and carbohydrate (provided by
sucrose, 595 g/kg). The diets also contained identical amounts
of dI-methionine (3 g/kg), mineral mix (Hubbell-Mendel-Wake-
man, 50 g/kg), Tekiad Vitamin Mix (1 glkg) and choline dihy-
drogen citrate (1 g/kg).
Vitamin E deficiency was produced in the deficient diet by
stripping the fat source, lard, of a-tocopherol. The control diet
was supplemented with dl-a-tocopheryl acetate (1000 U/g) at a
rate of 0.05 g/kg. Selenium deficiency was achieved by using
torula yeast as the protein source since this protein, unlike
other dietary sources of protein such as casein, contains very
low levels of selenium. The selenium content of the deficient
diet was approximately 0.025 parts per million. Adequate
selenium content in the control diet was achieved by adding
sodium-selenite sucrose mixture (0.0445% Na2SeO3) at a rate of
1.24 g/kg providing 0.25 parts per million selenium.
Thus, these diets differed only in the vitamin E and selenium
content. The diets otherwise were isocaloric, had identical
protein, fat, carbohydrate, mineral, and electrolyte contents.
Rats were maintained on these diets and tap water ad libitum for
up to six to seven weeks. Food intakes between two dietary
groups were not significantly different.
Method of inducing ischemia-reperfusion injury and outline of
study
Bilateral flank incisions were made under methohexitol anes-
thesia (5 mg/lOO g body wt given by the intraperitoneal route).
Double ligatures were placed around the right renal pedicle and
the right kidney excised. The left renal artery was subjected to
occlusion by a nontraumatic clamp for one hour [3, 4]. After
this time the clamp was removed, the incision closed, and the
animal allowed to recover. Animals were studied either sequen-
tially for five days after the induction of ischemia to determine
the effect of this dietary manipulation on the course of acute
renal failure or 24 hours after the induction of ischemia to more
precisely define renal hemodynamics and renal histologic
changes. In additional animals, studies were conducted 15
minutes after the removal of the clamp for the measurement of
such biochemical indices as lipid peroxidation and glutathione
peroxidase activity.
Clearance studies
Clearance studies were performed under mactin anesthesia
(BYK Gulden, Konstanz, FRG; 100 mg/kg body wt i.p.) as
previously described [20]. A tracheal catheter with PE-240
tubing was inserted and PE-50 polyethylene catheters were
inserted into both internal jugular veins for infusion, A PE-50
catheter was inserted into the left femoral artery for blood
sampling and blood pressure monitoring via a Statham pressure
transducer (Model P23Db Statham Instruments, Oxnard, Cali-
fornia, USA) connected to a Gilson Duograph Recorder (Model
ICT-2H, Gilson Medical Electronics Inc., Middleton, Wiscon-
sin, USA). The left ureter was catheterized with PE- 10 tubing
and the urine volume determined gravimetrically. Renal hemo-
dynamics were studied under euvolemic conditions. To replace
surgical losses and maintain constancy of the initial hemotocrit,
rats were infused with 5% bovine serum albumin in isotonic
saline given as 1% of body weight over 30 minutes followed by
an infusion rate of 0.5 mI/mm throughout the study [20]. To
determine glomerular filtration rate (GFR) a solution of normal
saline containing 3H-methoxyinulin (10 C/ml) was infused at a
rate of 1.2 mI/hr after a priming dose of 0.5 ml over five minutes.
The transport maximum for para-aminohippurate, TmPAH,
was determined by infusing a 4% solution of para-aminohippu-
rate at a rate of 1.2 mI/hr after a priming dose of 0.5 ml over five
minutes [20]. Filtration fraction was determined by the extrac-
tion of inulin. Renal venous samples were obtained through a
23-gauge needle connected to a tuberculin syringe by PE 50
tubing inserted into the left renal vein with the tip of the needle
positioned at the hilum of the kidney. After allowing 45 minutes
for equilibration, two clearance collections were performed for
the measurement of GFR, filtration fraction and TmPAH. Urine
volume was determined gravimetrically. Hematocrit was mea-
sured by a microcapillary hematocrit reader (International
Equipment Co., Needham Heights, Massachusetts, USA) and
total plasma protein concentration by refractometry. Radioac-
tivity in urine and plasma was determined by liquid scintillation
counting. Plasma and urine concentrations of PAH were deter-
mined by the method of Smith et al [21]. GFR, filtration
fraction, renal blood flow rates and TmPAH were calculated by
standard formulae and the reported values represent the means
of the two clearance periods.
Clearance studies were performed in rats 24 hours after
removal of the right kidney and One hour-ischemic clamping of
the left renal artery. In an additional cohort of rats on the
control and deficient diets we performed clearance studies for
the GFR, sodium reabsorptive rates, renal blood flow rates and
transport maximum for para-aminohippurate in the intact kid-
ney.
Determination of lipid peroxidation by measurement of
thiobarbituric acid reactive substance
We employed the method of Ohkawa, Ohishi and Yagi [221 to
measure thiobarbituric acid reactive substance (TBARS), an
index of lipid peroxidation. After ischemia and reflow the
kidneys were removed and placed in iced phosphate-buffered
saline. The kidney was placed in a total volume of 3 ml 100 mM
KCI containing 0.003 M EDTA and homogenized with a poly-
tron (Brinkman Instruments, Westbury, New York, USA) at
setting 8 for 15 seconds. Homogenates were centrifuged at 600
g for 10 minutes. Four tenths of a ml of the supernatant were
then incubated at 95°C for 60 minutes with a reaction mixture
consisting of 0.2 ml 8.1% SDS, 1.5 ml 20% acetic acid, 1.5 ml
0.8% thiobarbitunc acid and 6.6 ml of distilled water. Following
removal from the water bath and cooling, 1 ml of distilled water
and 5 ml of n-butanol pyridine mixture were added (15:1
vol/vol). The mixture was vigorously shaken and centrifuged
for 15 minutes at 2000 g. The absorbance of the upper organic
layer at 532 nm was determined in a Coleman Junior 2 spectro-
photometer. Absorbance of tissue samples was compared to the
results obtained using malonaldehyde tetraethylacetal as a
standard and expressed per mg protein. All determinations of
TBARS were performed in duplicate. Protein concentrations
were measured by the Coomassie method.
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Table 1. Sequential body weights
Control (N = 6) Deficient (N = 6)
Pg
Weaning
2Weeks
4 Weeks
5 Weeks
6 Weeks
50 2
109±5
1% 8
228 9
251 10
50 2
110± 5
190 11
216 11
238 13
NS
NS
NS
NS
NS
Measurement of glutathione peroxidase activity
We employed the method described by Lawrence and Burk
[23]. Glutathione peroxidase activity was measured in the intact
kidney of rats maintained on the control and the deficient diets
as well as rats on these diets subjected to a right uninephrec-
tomy and one hour of occlusion of the left kidney followed by 15
minutes of reperfusion. The kidneys were perfused with 1.14 M
sodium chloride, removed and then homogenized in 5 ml of 0.25
M sucrose. The homogenate was centrifuged at 105,000 g for
one hour. The supernatant was diluted 1:10, and 100 d of the
diluted supernatant were added to 800 p1 of a mixture consisting
of 50 m potassium hydrogen phosphate (pH 7.0), 1 mM
EDTA, 1 ma't NaN3, 0.2 mrt NADPH, 1 enzyme u/mi GSSG-
reductase, 1 mt GSH. A blank was also prepared with the
reaction mixture with distilled water replacing the supernatant.
After five minutes of incubation, 100 p1 of 0.25 m hydrogen
peroxide were added to each sample. Absorbance at 340 nm
was recorded for five minutes and activity was calculated from
the rate at which NADPH was oxidized. Net glutathione
peroxidase activity was determined by subtracting the activity
in the blank from the activity in each sample. The activity in the
sample was standardized per mg protein, and results expressed
as NADPH oxidized per minute per mg protein [23]. The
millimolar absorptivity for NADPH at 340 nm is 6.22. All
determinations were done in duplicate.
Measurement of plasma vitamin E concentration
We employed the Emmerie-Engel method, as modified by
Tsen [24], for the determination of plasma tocopherol levels.
Six tenths of a milliliter absolute ethanol were added to 0.6 ml
rat plasma to precipitate plasma proteins. A total of 1.2 ml
n-heptane were then added to extract tocopherol, the mixture
vortexed and subsequently centrifuged at 1000 g for five min-
utes. To 0.5 ml of the upper layer, 0.1 ml of bathophenanthro-
line (6.0 mM) and 0.2 ml ethanol were added. While shielding
from direct light 0.10 ml ferric chloride (1.0 mM) were added,
followed 20 seconds later by 0.1 ml of orthophosphoric acid
(0.04 51). Absorbance was determined at 534 nm. A standard
curve was prepared with a-tocopherol. All samples were per-
formed in duplicate. Ethanol was used as the solvent in the
preparation of the solutions of bathophenanthroline, ferric
chloride, orthophosphoric acid and a-tocopherol. All solutions
were freshly prepared at the time of the assay.
Histologic studies
Twenty-four hours after release of the ischemic clamp to the
left kidney, kidneys were fixed by perfusion at the ambient
arterial pressure with 1.25% glutaraldehyde in 0.1 M sodium
phosphate buffer (pH 7.4 osmolality 300 mOsm/kg). Sections
Table 2. Baseline data prior to renal ischemia
Control (N = 6) Deficient (N = 6) P
Urine volume 14 3 14 3 NS
ml/24 hr
Proteinuria 6.8 2.2 5.2 1.3 NS
mg/24 hr
Total plasma protein 6,1 0.2 6.1 0.1 NS
g/dl
Hematocrit 46 2 44 2 NS
% vol
Serum creatinine 0.31 0.03 0.31 0.02 NS
mg/dl
Table 3. Data obtained during clearance studies in rats with intact
kidneys maintained on the control or deficient diets for 6 weeks
Control (N = 6) Deficient (N = 6) P
Body weight g 239 12 226 9 NS
Left kidney weight g 0.87 0.03 0.92 0.16 NS
Mean arterial pressure 131 5 125 7 NS
mm Hg
GFR mI/mm 0.94 0.10 0.84 0.05 NS
Sodium reabsorption 0.133 0.020 0.121 0.007 NS
mEqimin
Renal blood flow rate 6.59 0.75 7.07 0.48 NS
mi/mm
Transport maximum 504 36 522 115 NS
for para-amino
hippurate g/min
were imbedded in paraffin and stained with hematoxylin and
eosin. Slides were coded and reviewed in a blinded fashion
using a semiquantitative score to evaluate the presence and
extent of tubular epithelial cell flattening, brush border loss,
membrane bleb formation, cellular vacuolization, cellular
sloughing and necrosis, interstitial edema and cast obstruction
[3, 4]. For each kidney 50 cortical tubules from at least 10
different areas were scored. Higher scores represented more
severe damage.
Statistical analyses
All data are presented as means standard deviation.
Student unpaired t-test was used for the comparison of unpaired
groups. ANOVA followed by Duncan's test was used for
comparisons involving more than two groups. For non-para-
metric data, the Wilcoxon rank sum test was employed. Results
were considered significant for P < 0.05.
Results
Effect of the diets prior to the induction of ischemia
Sequential body weights of the animals maintained on the two
dietary groups from the time of weaning are shown in Table I.
Baseline parameters prior to removal of the right kidney and
ischemic clamp to the left kidney are shown in Tables 2 and 3.
As demonstrated, there were no significant differences in total
plasma protein concentrations, hematocrit or urine volumes.
Renal function, as measured by serum creatinine, was similar in
the two groups. In addition, there were no significant differ-
ences in rats of urinary total protein excretion. In separate
groups of rats subjected to this dietary manipulation, we
undertook clearances studies for the assessment of renal hemo-
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A Glomerular filtration rate
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
B Renal blood flow
Fig. 1. Renal hemodynamic studies performed 24
hours after ischemia in rats maintained on
control and deficient diets for 6 weeks. Data are
means SD.
Control(N=6) Deficient(N=6) P
MAP mmHg 108±7 107 NS
Hct % vol 43 2 43 2 NS
Total plasma protein 5.8 0.2 5.8 0.4 NS
gidI
Serum creatinine 1.5 1.0 3.4 0.9 <0.01
mgldl
dynamic parameters and tubular function as determined by the
transport maximum for paraaminohippurate prior to ischemia-
reperfusion injury. As demonstrated in Table 3, there were no
significant differences in GFR per kidney, renal blood flow rates
or tubular transport maximum for para-aminohippurate in the
intact kidney in rats maintained on the control and deficient
diets for six weeks after weaning (Table 3). GFR tended to be
lower and RBF tended to be higher in the deficient animals;
filtration fraction was significantly lower in the deficient animals
(0.21 0.02 vs. 0.26 0.03, P < 0.05). Rates of sodium
reabsorption were not significantly different between the two
dietary groups. Thus prior to ischemia-reperfusion injury, renal
function was comparable in rats maintained on the two dietary
groups.
Clearance studies 24 hours after ischemia
However, in response to the ischemic insult, rats maintained
on the deficient diet displayed a more exaggerated functional
deterioration. When studied 24 hours after one hour of isch-
emia, the deficient animals demonstrated a precipitous reduc-
tion in GFR as compared to the relatively mild reduction
observed in the control animals (0.06 0.09 vs. 0.55 0.31
ml/min; P < 0.05; Fig. 1A). This marked reduction in GFR was
accompanied by a pronounced reduction in renal blood flow in
the deficient animals (Fig. lB). During these clearance studies
mean arterial pressure and hematocrit were not significantly
different between the two groups (Table 4). Thus, the marked
deterioration of renal function in the deficient animals in re-
sponse to an ischemic insult could not be accounted for by
comprised renal perfusion due to systemic hypotension or
increased blood loss following the induction of acute renal
injury. Additionally, that renal blood flow was markedly im-
paired in the deficient animals while systemic arterial pressures
were virtually identical in the two groups indicates that renal
vascular resistances were higher in the deficient animals.
In addition to renal hemodynamics, we also directly assessed
differences in tubular function between the two groups. The
deficient animals demonstrated greater impairment of water and
sodium transport as indicated by a lower ratio of the concen-
trations of creatinine in urine and plasma (Fig. 2A) and a higher
renal failure index, respectively (Fig. 2B). We also measured
the tubular transport maximum for para-aminohippurate
(TmPAH). This substance is excreted primarily by tubular
secretion by the pars recta of the proximal tubule and serves as
an index for tubular transport in this nephron segment. As
compared to the minor decrement in the control animals,
TmPAH in the deficient animals were virtually undetectable
(Fig. 3). Additional evidence for enhanced renal injury in the
deficient animals was provided by increased rates of urinary
total protein excretion during the 24 hours after the ischemic
insult (30.9 9.6 vs. 20.9 5.0 mg124 hr, P < 0.05). Thus,
glomerular filtration, renal blood flow rates and tubular trans-
port characteristics were markedly impaired in animals main-
tained on a diet deficient in antioxidants when subjected to a
standardized ischemic insult as compared to animals on the
control diet.
Histologic studies 24 hours after ischemia
Histologic studies were undertaken 24 hours after one hour of
ischemia and thus, at the same time point at which the func-
tional measurements were undertaken. The deficient animals
again demonstrated marked impairment of renal function as
indicated by a higher serum creatinine (4.3 0.5 vs. 1.0 0.2
mgldl; P < 0.01). Using a semiquantitative score for histologic
injury that evaluated the degree of damage to the epithelium,
sloughing and necrosis of epithelial cells, cast formation and
interstitial injury, the deficient animals displayed a higher score
compared with the control animals (6.1 0.5 vs. 4.1 0.5; P =
0.05). Illustrative examples of lesions in the deficient and the
control animals are shown in Figure 4. Additionally, the defi-
cient animals showed a characteristic diffuse necrosis and
sloughing of entire segments of the nephron that was not
discernible in the control animals. Such lesions are shown in
Figure 5. Thus, histologic studies undertaken at the same time
point at which functional measurements were obtained demon-
strated greater injury in the deficient animals.
P < 0.05 U-
8
7
6
5
4
3
2
0
P < 0.05
N= 6
Table 4. Data from clearance studies performed 24 hours after
ischemia
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A Urine/plasma (creatinine) B Renal failure index
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40
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20
10
0
400
300
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100
0
Fig. 3. Transport maximum for para-aminohippurate determined 24
hours after ischemia in animals maintained on control and deficient
diets for 6 weeks. Data are means SD.
Glutathione peroxidase activity prior to and after ischemia
Glutathione peroxidase activity in the basal state in the intact
kidney and following ischemia is shown in Figure 7. Measure-
ments were therefore undertaken at the same time point at
which lipid peroxidation products were measured. There was
extreme reduction in glutathione peroxidase activity prior to
ischemia with the vitamin E and selenium deficient diet, thus
confirming the efficacy of our dietary manipulation (Fig. 7A).
Such marked differences persisted in response to ischemia with
reperfusion (Fig. 7B). Thus, ischemia with reperfusion fails to
evoke increments in such enzymic activity.
Plasma levels of vitamin E
We confirmed that the deficient diet induced deficiency of
vitamin E. Plasma concentrations of vitamin E in the rats
maintained on the deficient diet were reduced to approximately
15% of the circulating levels observed in the rats maintained on
the control diets (Fig. 8).
Effects of dietary deficiency of vitamin E and selenium on the
course of ischemic renal injury
Studies of lipid peroxidation in kidney
To examine the role of oxidant stress in the exaggerated
functional deterioration and histologic damage in the deficient
animals, we determined lipid peroxidation by measurement of
TBARS in the kidney of animals maintained on the deficient and
control diets, 15 minutes after the release of the ischemic
clamp, that is, early in the reperfusion period after ischemia.
Additionally, we also determined TBARS in the basal state
prior to the insult of ischemia with reperfusion. There were no
significant differences in the animals prior to ischemia (Fig. 6A).
However, 15 minutes after the release of the clamp there was a
50% increase in TBARS in the deficient animals as compared
with the control animals (0.95 0.07 vs. 0.65 0.03 nmol/mg
protein, Fig. 6B). Kidney content of TBARS in the deficient
kidney following ischemia-reperfusion was also significantly
increased when compared to TBARS in the deficient and
control kidneys prior to ischemia-reperfusion. Thus, shortly
after the onset of reperfusion in the kidney there is increased
lipid peroxidation in the kidney of deficient animals as mea-
sured by the kidney content of TBARS.
To examine the effect of this dietary manipulation on the
course of ischemic renal injury we measured serum creatinine
sequentially over five days in rats subjected to right nephrec-
tomy and renal artery occlusion to the left kidney for one hour.
As shown in Figure 9, there were no differences in the basal
serum creatinine prior to the induction of ischemia. On days 1,
2, and 3 after the ischemic insult the serum creatinine in the
animals deficient in vitamin E and selenium was more than
twofold greater than the values displayed by the control ani-
mals. Thus, over the course of ischemic acute renal injury,
deficient animals displayed greater exacerbation of renal func-
tion. In addition, over this time period five out of the original
cohort of nine animals died with elevated serum creatinines,
while there were no deaths in the rats on the control diets.
Thus, dietary deficiency of vitamin E and selenium exacerbated
the course of ischemic acute renal injury as assessed by the
severity of renal dysfunction over several days and was accom-
panied by greater than 50% mortality.
Discussion
Our data demonstrate that ischemia-reperfusion injury in the
rat is markedly exacerbated when the oxidant scavenging
20
16
12
P< 0.05
8
4
0
Control Deficient Control DeficientN=6 N=6 N=6 N=6
Fig. 2. Ratio of creatinine concentrations in
urine and plasma (A) and rena/failure index (B)
determined 24 hours after ischemia in animals
maintained on control and deficient diets for 6
weeks. Data are means SD.
P< 0.02
Control DeficientN=5 N=6
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Fig. 4. Sections of kidney tissue examined by light microscopy 120x from rats maintained on control (A) and (B) diets for 6 weeks and studied
24 hours after ischemia.
Fig. 5. Section of kidney tissue examined by light microscopy 120x
from a rat maintained on deficient diets for 6 weeks and studied 24
hours after ischemia.
ability of the kidney is impaired by chronic dietary deficiency of
vitamin E and selenium. Such a conclusion is derived from the
following lines of evidence. First, animals maintained on the
deficient diet demonstrated significant impairment of renal
hemodynamics, as characterized by marked reductions in gb-
merular filtration and renal blood flow rates, and severe atten-
uation in tubular function, as displayed by greater impairment
of reabsorption of water and sodium and a virtually non-
existent capacity to secrete paraaminohippurate. In addition to
this greater functional deterioration in rats maintained on a
deficient diet, there was heightened structural injury as revealed
by semiquantitative histologic analysis in additional cohorts of
animals studied at the same time point at which the functional
studies were performed. That exacerbation of ischemia-reper-
fusion injury was not isolated to a single time point is indicated
by sequential determination of serum creatinine in animals
maintained for five days after the induction of ischemia. On
three successive days the deficient animals displayed markedly
higher serum creatinine values, and during the course of this
study, more than 50% of the animals on the deficient diet died.
Thus, animals deficient in vitamin E and selenium display
greater functional and structural damage in response to the
same duration of ischemia as compared with the animals on the
control diet.
That exacerbation of ischemia-reperfusion injury in the ani-
mals on the deficient diet involves increased generation of
reactive oxygen species is supported by our determination of
lipid peroxidation as measured by kidney content of thiobarbi-
turic reactive substances. TBARS in the kidney was increased
almost 50% in the deficient animals 15 minutes after reflow.
Thus, in response to the same ischemic insult the deficient
animals generate increased lipid peroxidation products, an
index of oxidant stress, when measured after the onset of
reflow. Evidence for marked impairment in the oxidant scav-
enging ability in the deficient animals is provided by our studies
of glutathione peroxidase activity. Such enzymic activity in the
deficient animals was less than 5% of the value in the control
animals and this attenuation persisted in the reflow period
following ischemia. Since this enzyme detoxifies hydrogen
peroxide and organic peroxides L16,23], we suggest that these
reactive oxygen intermediates may be responsible, at least in
part, for the increased lipid peroxidation and tissue injury we
observed in the deficient animals.
Increased concentration of hydrogen peroxide exerts renal
toxicity as clearly demonstrated by the studies of Linas and
collaborators [25]. They showed that exposure of the isolated
perfused kidney to increased hydrogen peroxide concentra-
tions, either by directly administering hydrogen peroxide or by
stimulating generation by a glucose-glucose oxidase system, led
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Fig. 8. Plasma vitamin E concentration in animals maintained on the
control and deficient diets for 6 weeks. Data are means SD.
N=7N=9 N=7N=9 N=7N=8 N=7N=6 N=7N=4
2
Time. days
Fig. 9. Serum crealinine measurements in animals maintained on
control and deficient diets following right uninephrectomy and occlu-
sion of the left kidney for 1 hour. Data are means SD.
decreased the phospholipid content of the membrane lipid, and
generated malondialdehyde [5]. These findings support the view
that hydrogen peroxide exerts renal toxicity.
Our findings are germane to, and may shed light on, the
controversy regarding the role of reactive oxygen species in the
pathogenesis of ischemia-reperfusion injury. Some, but not all,
investigators have been able to detect elevations in lipid perox-
idation products during ischemia and reperfusion [3, 5]. Indeed,
in their detailed studies, Gamelin and Zager were unable to
P = NS
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0.8
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A Before ischemia
Control DeficientN=5 N=5
B After ischemia
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0.8 P< 0.051
0.6
0.4
0.2
0.0
Control
N= 5
B After ischemia
1•
Fig. 6. Lipid peroxidation determined by
kidney content of thiobarbituric acid reactive
substances (TBARS) in animals maintained on
control and deficient diets for 6 weeks. A.
TBARS in the basal intact kidney before
ischemia; B. TBARS in the kidney after 1
hour of ischemia and 15 minutes of reflow.
Data are means SD.
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to impairment of GFR and tubular transport and increased renal
vascular resistances [25]. Such impairment of function was
accompanied by biochemical evidence of oxidant stress includ-
ing consumption of kidney glutathione [25]. These findings are
also supported by in vitro studies [5, 9]. Hydrogen peroxide
directly administered to proximal tubules stimulated lipid per-
oxidation as measured by malondialdehyde [9]. Incubation of
partially purified membrane-bound sodium potassium ATPase
with increasing concentrations of hydrogen peroxide inhibited
the ouabain-sensitive sodium potassium ATPase activity with
concomitant reduction in the sulthydryl content of the enzyme,
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discern elevations in malondialdehyde in vivo following isch-
emia, or to beneficially affect the course of this model with
various agents that either suppress the generation of free
radicals or detoxify these species once produced [9]. Based on
their findings, these investigators have argued against a prom-
inent role for reactive oxygen intermediates in this form of
acute renal injury [9]. Additional studies undertaken using in
vitro models of proximal tubular ischemia have also failed to
demonstrate increased malondialdehyde or a protective effect
of allopurinol, superoxide dismutase, and catalase on ischemic
tubular injury [10]. Interestingly, McCoy et al have shown that
while malondialdehyde remains unchanged in ischemia-reper-
fusion injUry, evidence of oxidant stress is provided by marked
elevations in the glutathione redox ratio, that is, the ratio of
oxidized glutathione to total glutathione content [26]. These
findings suggest that lipid peroxidation, as measured by thiobar-
bituric acid substance, may be a relative insensitive marker of
oxidant stress in the setting of ischemia-reperfusion, a sugges-
tion supported and extended by our observations. Rendering
the intact kidney deficient in oxidant scavenging ability fails to
influence lipid peroxidation as measured by the thiobarbituric
acid reactive substances and fails to affect renal function.
However, the superimposition of ischemia with reperfusion on
an impaired oxidant-scavenging kidney markedly compromises
renal structure and function and generates increased amounts of
lipid peroxidation products. Thus, our dietary manipulation
unmasks involvement of oxidant stress in the pathogenesis of
ischemia-reperfusion injury.
That increased generation of hydrogen peroxide contributes
to the derangement of structure and function in ischemia-
reperfusion injury, as suggested by our data, bears upon the
series of studies done by Siegel, Shulman and collaboratbrs [11,
27, 28]. These workers have argued that the major determinant
of derangement of structure and function in ischemia-reperfu-
sion is the decrement in ATP levels. They have also suggested
that the lack of correlation between the level of hypoxanthine
before reflow and the level of renal function after ischemia
argues against an important role for superoxide ion in the
pathogenesis of tissue injury [II]. Our data suggesting that
hydrogen peroxide is an important mediator of ischemia-reper-
fusion injury are pertinent to these studies. For example,
increased levels of hydrogen peroxide deplete cells of NAD and
high energy phosphate compounds [29]. Thus, elevations in
hydrogen peroxide levels as occurring in ischemia-reperfusion
may contribute to the decrement in ATP levels described by
Siegel and collaborators. Additionally, that hydrogen peroxide
is one of the principal reactive oxygen intermediates following
ischemia may explain the apparent lack of correlation between
the recovery of renal function and the levels of precursors for
superoxide ion prior to ischemia [II].
To determine whether there were differences in renal func-
tion prior to ischemia in rats maintained on the control and
deficient diets, we conducted clearance studies in additional
groups of animals maintained on these diets for six weeks.
Renal function as measured by glomerular filtration rates, renal
blood flow rates, sodium reabsorptive rates and transport
maximum for para-aminohippurate was comparable in the two
dietary groups as were mean arterial pressures. Thus, in re-
sponse to ischemia-reperfusion injury, the marked impairment
in renal function observed in the rats on the deficient was due to
heightened vulnerability of the kidney in rats rendered deficient
in antioxidants, rather than due to pre-existing functional ab-
normalities in the deficient kidney. However, when this dietary
manipulation is imposed on three week weanling rats and
maintained for 9 to 14 weeks, renal growth and injury are
enhanced in rats maintained on the deficient diet [30, 31].
Increased ammoniagenesis is exhibited in rats on the deficient
within six weeks of the imposition of these diets, and such
increased ammoniagenesis is incriminated in the enhanced renal
growth and injury that appear after relatively prolonged appli-
cation of these diets, that is, for 9 to 14 weeks [30, 31].
A striking finding in our study is the increment in renal
vascular resistances in the kidneys of the deficient animals
following ischemia. Several recent studies have emphasized
impaired endothelial-derived relaxing factor (EDRF) activity as
a mechanism underlying the postischemic constriction in the
renal vasculature [32, 33]. Such impaired endothelial-derived
relaxing factor activity may arise from diminished generation or
increased degradation of EDRF. In this regard, the well estab-
lished capacity of reactive oxygen species to metabolically
degrade EDRF is relevant to our findings [34]. The kidneys of
the animals rendered deficient in vitamin E and selenium
display a marked prooxidant state. It is possible that the
accentuated renal vasoconstriction in the deficient animals with
ischemia and reperfusion results from enhanced metabolic
degradation of endothelial-derived relaxing factor by reactive
oxygen species.
Our findings also emphasize the importance of dietary con-
stituents in determining the response to ischemic injury. Earlier
studies demonstrated that increased salt intake enhanced recov-
ery of renal function and the renal regenerative response after
ischemia [35], while acute elevations in systemic amino acid
levels worsened renal functional impairment following renal
ischemia [36]. More recently, Andrews and Bates examined the
effect of sustained alterations in dietary protein intake and
demonstrated that increased protein intake exacerbated func-
tional impairment while low protein intake attenuated such
functional decline in response to acute renal ischemia [37]. Our
studies delineate another facet of the diet, that is the adequacy
of the oxidant scavenging potential, as a determinant of func-
tional and structural impairment in response to acute ischemia.
In summary, we demonstrate that dietary deprivation of
vitamin E and selenium augments the functional and structural
derangements induced by ischemia and reperfusion while con-
comitantly increasing biochemical indices of oxidant stress.
This dietary maneuver limits the oxidant scavenging repertoire
of the kidney and renders the organ exquisitely vulnerable to
ischemic damage. We suggest that these data provide support
for a pathogenetic role of reactive oxygen species in ischemic
renal injury.
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